The PI3K/AKT/mTOR pathway is frequently activated in head and neck squamous cell carcinoma (HNSCC), but pathway inhibition has variable efficacy. Identification of predictive biomarkers and mechanisms of resistance would allow selection of patients most likely to respond and novel therapeutic combinations. The purpose of this study was to extend recent discoveries regarding the PI3K/AKT/mTOR pathway in HNSCC by more broadly examining potential biomarkers of response, by examining pathway inhibitors with a diverse range of targets, and by defining mechanisms of resistance and potential combination therapies. We used reverse-phase protein arrays (RPPA) to simultaneously evaluate expression of 195 proteins; single-nucleotide polymorphism array to estimate gene copy number; and mass array to identify mutations. We examined altered signaling at baseline and after pathway inhibition. Likewise, we examined the activation of the PI3K/AKT/mTOR pathway in HNSCC tumors by RPPA. 
Introduction
Head and neck squamous cell carcinoma (HNSCC) is a common and deadly disease in the United States and worldwide; in patients with this disease, the rate of treatmentrelated morbidity is high and recurrence is common. Although the unbiased genomic characterization of multiple cancers has fundamentally changed our approach to cancer therapy and translational research, targeted therapy based on biomarkers does not yet exist for HNSCC. Genomic characterization of HNSCC has demonstrated four common driver-signaling pathways in the HNSCC oncogenome: mitogenic signaling, NOTCH/differentiation, cell cycle, and p53/apoptosis (1) (2) (3) (4) . Of the mitogenic pathways affected, PI3K/AKT/mTOR is by far the pathway most often altered in HNSCC, with ~80% of HNSCC tumors containing molecular alterations in one or more components of the pathway (2, 5) . The frequent activation of the PI3K/AKT/mTOR pathway in HNSCC, the availability of pharmacologic inhibitors and the pathway's importance in cancer cell signaling make this pathway one of the most promising targets for desperately needed improvement in systemic therapy. Furthermore, the pathway's activation by identifiable molecular alterations suggests the possibility of using suitable biomarkers for predicting response to pathway-inhibiting therapy.
The PI3K/AKT/mTOR signaling pathway is critical for the regulation of multiple cellular processes, including proliferation, growth, differentiation, migration, and survival, in normal and cancer cells. Pathway components are frequently altered in cancer cells, leading to pathway activation and poor prognosis (6, 7) . In HNSCC specifically, there are gain-of-function mutations in PIK3CA (6-13%), LOH of PTEN (8%), reduced PTEN protein expression (30%), PIK3CA gene overexpression (52%), PIK3CA amplification (20%), PIK3CG mutations (4%), and inactivating mutations in PTEN (4%) (2) (3) (4) (5) (6) (8) (9) (10) .
AKT1, PIK3R1
, and mTOR mutations occur rarely (5) . At the protein level, nearly all HNSCC tissues show phosphorylation of AKT and the downstream target S6, indicating pathway activation (11, 12) .
Despite the frequent activation of the PI3K/AKT/mTOR pathway in HNSCC, inhibition of this pathway with a variety of inhibitors has had variable efficacy in vitro and in vivo (12) (13) (14) (15) (16) (17) (18) . Identification of molecular markers able to predict benefit through identification of either sensitivity or resistance mechanisms could markedly improve the utility of PI3K/AKT/mTOR pathway inhibitors. Several candidate biomarkers have been identified through our knowledge of the pathway and findings in HNSCC and other cancers. Of these candidates, PIK3CA mutations are the ones most consistently related to sensitivity to pathway inhibitors as demonstrated in two recent studies with HNSCC patient derived xenografts (PDX) (5, 19) ; a recent series of phase I studies (20) ; and cell line and PDX models from multiple cancer histologies (21, 22) (19)(21) (22) . Additional markers of sensitivity include HER2 amplification, 4EBP1 expression, PTEN loss (23-25). In contrast, in vitro inhibition of both signaling and proliferation by a dual PI3K/mTOR inhibitor was observed in breast cancer cells independently of PIK3CA mutation and basal pathway activation (26) . PTEN loss, rather than PIK3CA mutation, was closely linked to breast cancer cell sensitivity to a PI3K inhibitor (27) .
(25)Nonresponding HNSCC tissue had higher levels of multiple signaling components, including pSTAT3, EGFR, and c-Kit, than responding tumors tested ex vivo (18) . Thus, while there are a number of potential markers of benefit, there is no consensus as to their utility and their applicability to HNSCC based on its underlying gene expression pattern and the patterns of comutations that occur.
Here we build upon recent discoveries regarding the PI3K/AKT/mTOR pathway in HNSCC by significantly expanding the examination of potential biomarkers to include PIK3CA amplification, PTEN loss, and the expression and activation of 195 proteins; by examining pathway inhibitors with a diverse range of targets; and by identifying mechanisms of resistance that were previously unknown in HNSCC, leading to combination therapies with a strong potential for high clinical efficacy. We tested a panel of 18 HNSCC cell lines with and without detected PI3K/AKT/mTOR pathway alterations for sensitivity to PI3K, PI3K/mTOR, AKT, and mTOR catalytic inhibitors. In addition to studying the expected markers of sensitivity, we used reverse-phase protein and phosphoprotein arrays (RPPAs) as unbiased approaches in a panel of 60 HNSCC cell lines. We inhibited activated pathways to identify several candidate drug targets for PI3K/AKT/mTOR pathway inhibitor combinations.
Methods

Materials
All PI3K pathway inhibitors, MEK 162, erlotinib, OSI906, cabozantinib, and dovitinib were purchased from Selleck Chemicals (Houston, TX) and prepared as 10 mM stock solutions in dimethyl sulfoxide. Antibodies against total and phosphorylated AKT, ERK, pS6 and 4EBP1, c-Myc, cyclin D1, phosphorylated SGK3, and the PathScan RTK signaling antibody array kit were purchased from Cell Signaling Technology (Danvers, MA); antibody against -actin was purchased from Sigma-Aldrich (St. Louis, MO).
Cell Culture
The HOSC1 cell line was derived from an HNSCC tumor implanted into a mouse as previously described (28) . A panel of 64 HNSCC cell lines used in this study was validated and obtained as previously described (29) .
Cytotoxicity Assay
The cytotoxicity of PI3K pathway inhibitors in HNSCC cell lines was assessed using an MTT assay as described elsewhere (28) . Under each experimental condition, four independent wells were treated. We calculated IC 50 and combination index (CI) values with methods previously described by Chou and using CalcuSyn software (Biosoft, Ferguson, MO) (30) . CI values less than one are considered synergistic.
Western Blotting
Western blot analysis was performed as described previously (28) . In brief, cells were subjected to lysis on ice, and the lysates to centrifugation at 20,000g for 10 min at 4°C.
Equal amounts of protein samples were resolved by SDS-PAGE and then transferred to nitrocellulose membranes, immunoblotted with different primary antibodies, and detected with a horseradish peroxidase-conjugated secondary antibody (Bio-Rad Laboratories, Hercules, CA) and the ECL reagent (Amersham Biosciences).
PhosphoScan Analysis
PhosphoScan analysis was done according to the protocol provided by the manufacturer (Cell Signaling Technology). In brief, HNSCC cells were subjected to lysis, and 100 µg of lysate was added to a slide coated with target-specific capture antibodies. The slide was then incubated with a biotinylated antibody cocktail.
Streptavidin-conjugated horseradish peroxidase and LumiGLO reagent were used to visualize the bound detection antibody by chemiluminescence.
PCR Sequencing
To confirm mutations found by Sequenom (see Results), the regions of interest were amplified using custom PCR primers. Sanger sequencing was performed on a 3730xl DNA Analyzer (Applied Biosystems) using BigDye Terminator v3 chemistry (Applied Biosystems). Mutation analysis was performed using SeqScape Software v2.5 (Applied Biosystems).
Hotspot Mutational Analysis
Custom Sequenom assays for somatic variants across 45 different genes were designed by using Sequenom's Assay Design program, with in silico analysis to avoid known single-nucleotide polymorphism (SNP) site interference (see Supplementary   Table 1 for a list of the mutations). Point mutations were assayed using the Sequenom MassArray as described previously (27) , with additional analysis comparing relative allelic frequencies of duplicate samples.
Reverse-phase Protein Array Analysis
RPPA analysis and antibody validation were performed as previously described (31) .
Briefly, protein lysate was collected from subconfluent HNSCC cell cultures after 24 hours in full-serum medium (10% FBS). Protein lysates were adjusted to a 1-µg/µL concentration, and a serial dilution of 5 concentrations was printed, with 10% of the samples replicated for quality control (2470 Arrayer; Aushon Biosystems, Burlington, MA) on nitrocellulose-coated slides (Grace Bio-Labs, Bend, OR). Immunostaining was performed using a DakoCytomation-catalyzed system and diaminobenzidine colorimetric reaction. Spot intensities were analyzed and quantified using MicroVigene software (VigeneTech Inc., Carlisle, MA) to generate spot signal intensities.
Statistics and RPPA Analysis
The software SuperCurveGUI (http://bioinformatics.mdanderson.org/Software /supercurve/) was used to estimate the IC 50 of the proteins in each dilution series (on a log2 scale)using the nonparametric, monotone increasing B-spline model; a correction for spatial bias before model fitting; a quality control metric for each slide; and loading correction using median centering across antibodies as previously described (31) . As a measure of pathway activation, we calculated PI3K/Akt and TSC/mTOR scores; the loading-corrected data were first log2 transformed, then median-centered and normalized by standard deviation for each protein across samples. 
SNP Array
Whole-genome SNP array profiling was performed in cell lines using the Illumina Human1M-Duo DNA Analysis BeadChip (Illumina, Inc., San Diego, CA). Prior to analysis, SNP data were normalized to the regional baseline copy number to account for aneuploidy, with the regional baseline copy number was assigned a value of 2.
Results
PI3K Pathway Alterations Are Common in Head and Neck Cancer Cells and Tumors
We designed an HNSCC Sequenom panel that incorporates 191 mutations in 45 genes found in squamous cell cancers, including many of those identified in recently published whole-exome sequencing studies of HNSCC tumors and 24 PIK3CA mutations (3, 4) (Supplementary Table 1 ). We isolated genomic DNA from 64 validated HNSCC cell lines (29) as well as control cell lines with known mutations in several of the tested genes. We identified several mutations, including HRAS (2/61, 3%), PIK3CA (5/61, 8%), NOTCH1 (1/61, 2%), EPHA2 (2/61, 3%), EPHA3 (2/61, 3%), and MET (1/61, 2%).
PIK3CA mutations were validated by PCR and included the known missense activating mutations H1047R, E542K, and E545K ( Table 1 amplification did not consistently demonstrate higher PI3K p100 protein expression than HNSCC cells without amplification (Fig. 1) . PIK3CA protein levels are regulated by multiple processes, including expression of PIK3R1, which is required for p110 stability.
To confirm the results of the SNP arrays, FISH was performed on eight HNSCC cell lines (Supplementary Methods). The copy numbers determined by FISH were consistent with those determined by the SNP array (Supplementary Table 3 and Supplementary Fig. 2 ).
HNSCC Cells with PIK3CA Mutations but Not Amplification Are Sensitive to Pathway Inhibitors
We tested 18 of the 64 HNSCC cell lines with PIK3CA mutations, PTEN loss, low PTEN protein expression, PIK3CA gene amplification, or no known pathway aberrations for sensitivity to one PI3K inhibitor (GDC0941), two dual PI3K/mTOR inhibitors (GDC0980 and GSK1059615), one AKT inhibitor (GSK690693), and one mTOR inhibitor (AZD8055) ( Table 1 ). The cutoff for sensitivity was the maximum concentration in humans or animals when available or the concentration at which pathway inhibition was observed by Western blotting (Supplementary Table 4 ) (32) (33) (34) (35) (36) . The one PI3K inhibitor and the two dual PI3K/mTOR inhibitors show similar trends in sensitivity (P <0.05).
Sensitivity to the AKT and mTOR inhibitors showed distinct trends that did not correlate with any of the other agents tested (Supplementary Table 5 ).
To confirm that the pathway inhibitors function at the concentrations used, we tested their ability to inhibit the pathway over a wide concentration range in HNSCC cell lines of various sensitivities. In Detroit562 cells (PIK3CA mutant, sensitive) all inhibitors except AKT inhibitor GSK690693 decreased pAKT and pS6K levels at concentrations of 100 nM and 4EBP1 level at 500 nM ( Fig. 2A) . As previously demonstrated, GSK690693
did not result in a decrease in pAKT level despite AKT inhibition because of pathway feedback (32) .We observed a decrease in the AKT substrate pGSK3 at 1 M, which is consistent with AKT inhibition. Similar results were demonstrated with intermediate and resistant HNSCC cell lines ( Fig. 2A, 2B ).
The five HNSCC cell lines with PIK3CA mutations were all sensitive to most of the inhibitors, whereas those with PIK3CA gene amplification were predominantly resistant (Table 1) . Of the only two HNSCC cells lines with PTEN loss in existence, one (UMSCC4) was sensitive to three of the five inhibitors and the other (MDA886LN) was resistant to all five inhibitors. Likewise, the HNSCC cells with low PTEN protein expression were predominantly resistant. The control cell lines, which did not have any known PI3K/AKT/mTOR pathway aberrations, had mixed sensitivity.
To test these correlations in a larger set of HNSCC cells, we determined the IC 50 of GDC0941 in all 64 HNSCC cell lines and analyzed them in relation to the mutational status and copy number of PI3K. As before, we observed that cell lines with a PIK3CA mutation were more likely than cell lines without PIK3CA mutation to respond to PI3K inhibition (P = 6.35  10 -13 ; Fig. 3A ) and those with amplification (copy number 4) were less likely to respond (P = 0.365; Fig. 3B ), although the latter difference failed to reach statistical significance even with a copy number cutoff of 3 or 5.
PI3K Pathway and TSC/mTOR Scores Do Not Correlate with Response to PI3K Inhibition
We hypothesized that the basal state of the PI3K pathway would correlate with cell sensitivity to PI3K inhibition. To test this hypothesis, we examined the basal activation of the PI3K/AKT/mTOR pathway by RPPA using two proteomic scores-the PI3K/AKT score (37) and TSC/mTOR score-in 60 HNSCC cell lines ( Fig. 3C; Supplementary Fig.   3 ). Both scores measure pathway activation, but there are no overlapping proteins; the PI3K/AKT score measures proximal pathway components, and the TSC/mTOR score measures components distal to TSC1/2 (Supplementary Table 2 ). Additionally, the TSC/mTOR score integrates information from the RAS/MAPK and LKB1/AMPK pathways. Nevertheless, neither score predicted sensitivity to GDC0941. Specifically, we observed no correlation between sensitivity and the PI3K/AKT score when a sensitivity cutoff of 650 nM (P = 0.69) or 1300 nM (P = 0.65) was used or when cell lines with sensitivities in the top third and bottom third were compared (P = 0.34). Similarly, there was no correlation between sensitivity and the TSC/mTOR score when a sensitivity cutoff of 650 nM (P = 0.89) or 1300 nM (P = 0.12) was used or when the top third and bottom third were compared (P = 0.37).
We also analyzed the sensitivities of the 18 HNSCC cell lines to the five pathway inhibitors in relation to the expression of individual pathway components measured by
Western blotting (Table 1 and Fig. 1B) . We measured the expression levels of several pathway components, including pAKT, pS6, 4EPB1, and pERK, in these cells. Of these four markers, pS6 was the best predictor of response, with a consistent trend for all inhibitors, but the correlation reached significance (P <0.05) only with GSK690693 (Supplementary Table 6 ). Likewise, analysis of the 60 HNSCC cell lines in the RPPA dataset did not show a correlation between basal expression of pS6 (S235/236) or pS6 (S240/242) and sensitivity to GDC0941 (Supplementary Table 7 ).
An analysis of 160 proteins from the RPPA data revealed several candidate biomarkers whose expression correlated with sensitivity to GDC0941. These data were analyzed using the IC 50 values as continuous variables, by comparing the most sensitive third to the least sensitive third, and by using cutoffs of 650 and 1300 nm. The proteins whose expression correlated with sensitivity with a P <0.05 in at least three analyses were VEGFR2, pCRAF, and PCNA (Supplementary Table 7 ).
Genetic Alterations in the PI3K Pathway Do Not Lead to Pathway Activation
We expected that HNSCC cell lines with PIK3CA mutations, PTEN loss, or PIK3CA amplification would have basal activation of the PI3K/AKT pathway. However, Western blotting demonstrated that there was no consistent increase in pAKT, p70-S6, p4E-BP1, or pPDK1 in those cell lines (Fig. 1) . Neither PIK3CA amplification nor PIK3CA mutation correlated with the PI3K/AKT score (P = 0.21 and 0.31). Likewise, PIK3CA mutation or amplification did not correlate with the TSC/mTOR score (P = 0.49, P = 0.58). Notably, the two HNSCC cell lines with PTEN loss did have high levels of phosphorylated S6 and AKT (Fig. 1) .
Similarly, PIK3CA amplification did not correlate with an increase in the scores in 200 HNSCC tumors from the TCGA (Fig. 3D) . However, tumors with PIK3CA mutation did have a higher PI3K/AKT score (P = 0.039), but not TSC/mTOR score, than those without PIK3CA mutation. There was no difference in the PI3K/AKT or TSC/mTOR scores between eight tumors on which we have RPPA data and that have both PIK3CA amplification and mutation and HNSCC tumors without these genetic aberrations (P = 0.226 and 0.556).
PI3K Inhibitors Induce Cell Cycle Arrest in HNSCC Cell Lines with PIK3CA
Mutations
To further characterize the biological effects of PI3K inhibition, HNSCC cells were treated with GDC0941 for 72 hours. In the sensitive Detroit562 and TR146 cells, but not in the resistant 1483 cells, GDC0941 caused cell cycle arrest in G1 with a reduction of the number of cells in S phase ( Supplementary Fig. 4) . No significant apoptosis, mitotic catastrophe, or senescence was observed in any of the cell lines (all <5%, Supplementary Methods).
Activation of the MEK/ERK Pathway Induces Resistance to PI3K Inhibitors
Following incubation with GDC0941, pERK levels increased in the resistant cell lines UMSCC17A and HN31 cells, respectively (Fig. 4D) . Target inhibition was confirmed by
Western blot analysis for both drugs (Fig. 4E) .
Activation of Multiple Receptor Tyrosine Kinases following PI3K Inhibition
To investigate potential pathways of resistance in HNSCC following PI3K inhibition, we incubated two sensitive and two resistant HNSCC cell lines with GDC0941 and measured the levels of 39 phosphoproteins. We discovered that the phosphorylation of EGFR, RET, FGFR3, and M-CSFR was increased in resistant lines but not in sensitive ones following incubation with GDC0941 (Fig. 5A) . Phosphorylation of IGF1R was increased in both sensitive and resistant cells although to a lesser extent in the sensitive lines.
Inhibition of Activated Receptor Tyrosine Kinase Pathways Partially Reverses
PI3K Inhibitor Resistance
To explore the functional significance of the EGFR, IGF1R, RET, and FGFR3 activation in resistant cell lines, we combined GDC0941 with the EGFR inhibitor erlotinib, the IGF1R inhibitor OSI906, the RET inhibitor cabozantinib, or the FGFR inhibitor dovitinib (Fig. 5B) . Only the combination of erlotinib and GDC0941 was synergistic in both resistant cell lines, with combination indices of <0.01 and 0.0960.11.
Discussion
In an effort to study mutation-directed targeted therapy for HNSCC, we identified In particular, the two HNSCC cell lines with HRAS mutations had the most marked synergy of PI3K and MEK inhibition.
Ours is not the first study to demonstrate a correlation between PI3K mutation and response to pathway inhibitors. In HNSCC, this finding is particularly intriguing, as human papillomavirus-positive tumors have a higher rate of PIK3CA mutation (5).
However, early clinical data demonstrate that even mutant tumors are neither profoundly nor universally sensitive to pathway inhibitors (20) . Our in vitro data support this clinical finding in that the sensitive cell lines underwent cell cycle arrest but not apoptosis, demonstrating that resistance pathways need to be further defined.
Several mechanisms of resistance to these pathway inhibitors have been elucidated.
The best-studied interaction is between PI3K/AKT/mTOR and RTKs; this interaction can subsequently activate the RAS/RAF/MEK/ERK pathway. As expected with this model,
AKT inhibition leads to the increased expression of multiple RTKs, and the combined administration of ERK and PI3K inhibitors leads to higher rates of cancer cell death (39) .
Likewise, we found that the addition of an MEK inhibitor to a PI3K inhibitor enhanced efficacy in both sensitive and resistant cell lines. That this was particularly the case in
HRAS-mutant HNSCC cell lines is consistent with the findings in genetically engineered
murine models of lung cancer with inducible expression of KRAS (G12D) or PIK3CA (H1047R) (38) . One potential mechanism leading to ERK activation is the loss of inhibition of the transcription factor FOXO3 following AKT inhibition, leading to increased expression of multiple RTKs (40) . Enhanced signaling via HER2 following PI3K inhibition has been reported to lead to ERK activation (39) . Similarly, we also found that PI3K inhibition in resistant HNSCC cells led to the activation of multiple RTKs and that EGFR and PI3K inhibitors were synergistic in HNSCC cells consistent with prior work in two HNSCC cell lines (41) . This cross talk may be bidirectional, as MEK inhibition leads to PI3K/AKT activation via the loss of HER3 inhibition (42) .
Additional mechanisms of resistance include mTOR inhibition leading to the induction of IRS-1 and subsequent AKT activation in cancer cells and patient tumors (43) . IGF1R
inhibition sensitizes cells to mTOR inhibition (43) . In a transgenic breast cancer model, both PIK3CA-independent (Myc amplification) and -dependent (Met amplification) resistance pathways were identified (44) . Additionally, accumulation of nuclear beta-catenin can subvert the proapoptotic signal of nuclear FOXO3a, induced by PI3K inhibition, into a prometastatic signal (45) . In breast cancer cells, PI3K inhibition leads to DNA damage and BRCA1/2 downregulation; PI3K inhibition or knockdown sensitizes cells to PARP inhibition (46) .
Although the drugs we used potently inhibited the PI3K/AKT/mTOR pathway in both sensitive and resistant cells, distal pathway inhibition (pS6 and p4EBP1) occurred at lower drug doses and was more complete in sensitive cell lines. Distal pathway components may be reactivated by ERK, RTKs, or AKT-independent pathways downstream of PIP3, such as JNK (47) and STAT3 (48) . Our future studies will include RPPA as well as siRNA screens to identify targetable pathways that enhance the efficacy of PI3K/AKT/mTOR pathway inhibitors.
Multiple biomarkers for predicting drug sensitivity beyond PI3K mutations have been proposed, including PTEN mutations, PTEN loss, and AKT phosphorylation (21, 27) ;
HER2 amplification (23, 24); 4EBP1 expression (25) ; NOTCH1 mutation (19); and pSTAT3, EGFR, and c-Kit expression (18) . In a screen of the NCI-60 human tumor cell line collection, the expression of several genes, including OGT and DDN, correlated with response to GDC0941; knockdown of either gene enhanced sensitivity to this agent (49) . The presence of KRAS mutation, BRAF mutation, or EGFR amplification correlates with resistance to PI3K/AKT/mTOR pathway inhibition (20, 22) . pAKT levels have been clinically validated as a biomarker of progression-free survival in 17 patients with pancreatic neuroendocrine tumors treated with everolimus (21) . We identified 25
proteins whose expression correlates with response by at least one method of analysis and 3 that were consistently correlated by at least three methods. Our future studies will involve testing these biomarkers in an independent set and in clinical samples from HNSCC patients treated with pathway inhibitors. Unlike breast cancer cell lines, HNSCC cell lines did not show a correlation between PTEN protein expression and sensitivity to PI3K inhibitors (27) .
We did not find a correlation between PIK3CA mutation or amplification and protein markers of pathway activation. Likewise, pAKT, pS6 and p4EBP1 were not elevated in luminal/ER+ breast cancer with PIK3CA mutation (50) . In an independent set of 77 breast tumors, there was no association between PIK3CA mutation and the phosphorylation of GSK3, AKT, S6, or AKT (27) . In contrast, mRNA and protein signatures of PI3K pathway activations were enriched in basal-like breast cancer where PIK3CA mutations are uncommon. The activation of the PI3K/Akt/mTOR pathway in the basal subtype may be due to loss of PTEN and INPP4B and/or amplification of PIK3CA rather than mutation of PIK3CA (50) . For a more direct comparison, we also used a protein signature score identical to that used in breast tumors in the TCGA (50), which includes components of both the PI3K and mTOR scores presented above, and did not find a correlation with PIK3CA mutation or amplification in HNSCC tumors from the TCGA (data not shown).
Use of hotspot mutational analysis allows for screening of many samples at specific relevant bases across many patient samples; however, it can miss also relevant but rarer mutations. In a recent study that used whole-genome sequencing of 151 HNSCC tumors, additional PIK3CA mutations were detected. These mutations (R115L, G363A, C971R, R975S) were each found in less than 1% of HNSCC patients and were not included in our study (5) . Another limitation of our study was that we did not conduct animal experiments, but the efficacy of a dual mTOR/PI3K inhibitor in HNSCC PDX models has recently been demonstrated by two independent groups (5, 19) .
Despite the frequent activation and importance of the PI3K/AKT/mTOR pathway, inhibition of this pathway has had variable efficacy in vitro, in vivo, and in clinical trials (12) (13) (14) (15) (16) (17) (18) . Identification of biomarkers that predict sensitivity to these inhibitors could result in the first biomarker-driven targeted therapy for HNSCC. Furthermore, the development of rational drug combinations based on a comprehensive understanding of HNSCC cell resistance mechanisms could significantly improve outcomes for HNSCC patients. In this study we have identified potential biomarkers and combination therapies that will be tested in future clinical studies. 
